We have numerically simulated the particle and gas flows in the raceway region in an actual blast furnace of which dimension is the same as that of the commercial blast furnace using Distinct Element Method for the computation of the multi-body interaction among coke particles, Hard Sphere Model for two body interaction of powder particles based on Direct Simulation of Monte-Carlo Method and Finite Difference Method for the numerical analysis of Navier-Stokes equations with the interaction terms between gas and particles for the gas flows. In the simulations we have taken the existence of softening melting zones into account. The present calculation results indicate the raceway pattern, its fluctuations with various periods. The results also indicate the velocity distributions of coke, powder and gas, and packing ratio distributions of these particles. The dynamical characteristics fluctuate and are unstable. The highly packed coke and powder particle layers are formed in the lower core and in the lower wall regions under the tuyere due to the air and these particle flows.
Introduction
Numerical simulation of particle and gas flows in a blast furnace is one of the most interesting research topics in the powder technology. Yamaoka and Nakano 1) simulated the raceway zone in the blast furnace cold model of which width is 0.5 m and height is 1.0 m using Distinct Element Method (DEM). They showed the effect of the tuyere diameter, the tuyere length and the bosh angle on the gas and particle flows. Xu et al. 2) presented a numerical study of gas and particle flow in the bed with 0.3 m width, 1.0 m height and the thickness equal to the particle diameter 0.004 m, which means two dimensional, using a continuum model for gas phase and discrete model for solid phase. They presented the dependency of raceway and fluidization phenomena on gas velocity by the size and shape of the mobile zone, flow patterns and particle forces. Zhang et al. 3) simulated numerically particle flow in a two dimensional blast furnace cold model with 0.43 m width and 0.8 m height using the continuum model for both gas and solid phases. The results showed that the mass loss strongly affected the solid flow pattern and deadman profile. Increasing the solid consumption rate increased the solid velocity and decreased the deadman size. Takahashi et al. 4) presented the stress distribution on the deadman surface by extending Walters theory 5, 6) assuming deadman to be a conical body. Their results showed that the floating mode depended on the horizontal profile of vertical load. Nouchi et al. 7) numerically simulated the gas-solid flow in a water model using DEM. The results showed that the flow pattern and stagnant zone profile are affected by the level of liquid and the position of discharging hole. Recently Nogami et al. 8) calculated the gas-solid flow in a small scale model of blast furnace using DEM. They considered the heat exchange and the chemical reactions. Their results indicate that the blast temperature and the blast compositions could control the raceway shape and size, and the gas temperature in it. All of these studies are for a small scale model of blast furnace. Results and findings for an actual blast furnace are necessary.
In this study we have calculated particle and gas flows in the raceway region in a large scale blast furnace of which dimension is almost the same as that of the commercial blast furnace for the better understanding and the correct controlling the various phenomena in an actual blast furnace to propose the most effective operation method for ISIJ International, Vol. 45 (2005) , No. 10, pp. 1406-1415 minimizing CO 2 discharge. The tapping ratio, the coke ratio, the reducing material ratio and the tuyere flow rate of the commercial blast furnace are 2.15, 350 kg/t, 480 kg/t and 7 600 Nm 3 /min, respectively. We have used DEM 9) for the computation of the multi-body interaction forces among coke particles. Hard Sphere Model for two body interaction forces of powder particles based on Direct Simulation of Monte-Calro Method (DSMC) 10) and Finite Difference Method for the analysis of Navier-Stokes equations with the interaction terms between gas and particles for the gas flows have been used.
11) The computational domain is a region from a cylindrical part on a bosh to near the bottom of an actual blast furnace including the raceway.
Calculated results show the raceway fluctuations with various periods, the velocity distributions of coke and powder particles and the gas, the packing ratio distributions of particles and the effect of softening melting zones. The results describe that these dynamical characteristics are unstable and rapidly fluctuate, and suggest that an unusual phenomenon easily happens under some conditions.
Computational Procedure
The governing equations for the gas phase are the threedimensional Navier-Stokes equations for the incompressible fluid with interaction terms between the gas and particles, and the fluid continuity equation. The following equations are the cylindrical forms. We used the fourth order central difference scheme for the convection terms and the second order central difference scheme for other spatial derivative terms. The RungeKutter method is used for the time derivative terms.
We performed the particle calculation in DEM. 9) An elastic spring and a viscous dashpot between particles were introduced to calculate the force on a given particle by the contact with the other particles. In the shearing direction, a friction slider is also applied to calculate the slip at the contact point. In this study, the Hertz's contact theory 16) was used to estimate the elastic spring constant. We calculated increments of the normal and the shear forces, DF n and DF s , using the normal and the shear relative displacement increments, Dn and Ds, with the force-displacement law. The normal and tangential contact and damping forces at time a are
Since the adhesive forces are neglected in this calculation, the following conditions are required: where sign(F s ) is an arithmetic symbol for the sign of F s . The summation of these contact force components in each direction gives the resultant force, S j (F j ϩD j ) i . The resultant moment acting on particle i was found from the re-
, where the summation is taken as over all contact points j on particle i. If particle i is displaced independently of any other particle by the resultant force and moment during DT, the equations for the particle motion are as follows:
... (22) .......... (23) Equations (22) and (23) are three-dimensional. The fluid drag force, F Di , and the fluid lift force, F Li , are obtained from the equations similar to Eqs. (5), (6), (8) Table 1 indicates the calculation conditions. The computational domain is a region from a cylindrical part on a bosh to near the bottom of a blast furnace of which dimension is the same as that of the commercial blast furnace including the raceway region. The computa- tional domain in the tangential direction is the circular part in which there is one tuyere as shown in Fig. 1(b) . Nozzle directions which we used in this simulation were two cases for the horizontal and 7 degree downward. The particle number calculated and other computational conditions are shown in Table 1 . As shown in Fig. 1(a) , the loads which were calculated using the elastic-plastic model by Katayama et al. 18) and corresponded to the granular pressures were distributed in the top layer of the granular matter. Other boundary conditions are also shown in Fig. 1(a) .
Coke burns in a raceway in a blast furnace. To represent that, we have removed 1 500-1 600 coke particles per second and per nozzle in the spherical area in 2 m diameter in front of nozzle including the raceway using uniform random numbers. The particle numbers removed per second in the raceway is about 600 times of the commercial case mentioned earlier. Then we consider approximately that 1 s in this simulation corresponds to about 600 s in the actual phenomena. Table 2 shows the cumulative over size distribution and the initial size inclination of coke particles which were calculated under the operating conditions by the prediction model 19) in the blast furnace used for the calculation. The initial size inclination indicates that the coke particle size in the central region of the blast furnace is larger than those of other regions.
Coke particles are pulverized by the combustion, the collision and the friction in the rotational flows in the raceway. Powder particles yielded by the pulverization of coke particles accumulate in the furnace and affect the motion of various phases. By using parallel packed beds Sugiyama 20) showed experimentally that the powder mass velocity and powder hold-up were strongly influenced by the gas velocity, the powder diameter and the injection amount. Then we have taken into account the motion of powder particles in the present simulation.
The following is the computational procedure of powder particles. 1. The motion of powder particles were calculated using the Hard Sphere Model of two body collision. 2. The collision between powder particles were decided using DSMC method. Also we decided the collisions between the powder and the coke, and the powder and the solid wall by the direct method as the same of that in DEM. A sampling particle represented 100 actual particles in DSMC calculation. Appendix 1 shows the calculation procedure of the powder particle motion using the Hard Sphere Model and DSMC method. 10, 21) The computational time of Hard Sphere Model is much shorter than that of DEM which calculates the multibody collision since Hard Sphere Model calculates two body collision. Moreover DSMC method calculates the motion of particles sampled stochastically, so Hard Sphere Model based on DSMC method is able to calculate the motions of great number of particles. This model is suitable for the calculation of powder particles of which number is very large in the actual blast furnace. However the multi-body collision occurs in the low void fraction area. The calculated result using Hard Sphere Model based on DSMC method is the rough approximation of the powder particle motion in the powder particle pile in which the void fraction is low. 3. As we considered that the powder yielded in the raceway, we made powder particles on the tuyere outlet wall using the uniform random number according to the disappearance of coke particles in the raceway and set the initial velocity of powder particle to be equal to that of the nearest coke particle. Experimental results of Tamura et al. 22) show that the weight percent of powder particles under 3 mm size at the location upward 340 mm from the tuyere level is about 10 % at the maximum when the blast velocity is 200 m/s. In the center region of the furnace the weight percent of powder particles under 3 mm size becomes more than 50 %. 19) There would be powder particles of which size is larger than 3 mm in the furnace. In consideration of these matters we assumed that the volume of the powder particles which were initially distributed in the lower core region of the furnace was 16 % of coke particles, the powder particle number yielded was 2.5ϫ10 5 -1.12ϫ10 6 per second which corresponds to about 16 vol% of 1 500-1 600 coke particles removed per second and the powder particle diameter was uniform in the 3mm. 4. The powder particles of which volume was 16 vol% of coke particles were distributed to the furnace lower core region for the initial state using the uniform random number as shown in Fig. 1(c) . The computational procedure for the motion of softening melting zones is as follows. 1. We treated the softening melting zones to be the region in which the gas flow resistance was higher than that of surroundings. Then some part of the gas flow could not penetrate into melting adhesion zones. 2. We considered the softening melting zones to be the ore layers between 1 200°C and 1 400°C lines. As shown in Fig. 1(d) , softening melting zones height and length were 800 mm and 1 600 mm, and the depth to the q direction was 14Dq. The shape of the cross-sectional area in the r-z plane was oval. 3. We did not change the particle properties in the melting zones. Then the coke and powder particles could get through the zones. We used the personal computer, which is Intel, Itanium2 processor (1.6 GHz)ϫ2, for the computation. It took 1 000 h for the calculation of the 10 s phenomena.
Results and Discussion
First of all, we calculated the motions of gas and particles in the small scale model. Particles of 3 mm in diameter and 1 200 kg/m 3 in particle density were packed in the cylindrical vessel of 635 mm in diameter and 600 mm in height. The air was injected into the vessel at the velocity of 53 m/s from a nozzle of 14 mm in diameter and 37.5 mm in length, where we did not extract particles from the vessel.
The calculated particle and gas velocities in figures in this paper are the values averaged in a computational cell. The position of an arrow in the figures is a center of computational cell. Figure 2 shows the instantaneous particle velocity vectors in the cross-sectional area of nozzle center. In even the case that the particle disappearance by the combustion near the nozzle outlet have not been considered, the raceway is clearly formed and particles circulate in the raceway. Our calculated results represented the calculated and the measured particle flow patterns of Yamaoka and Nakano 1) formed in a small scale model. We have also calculated the particle and the gas flow fields in the actual blast furnace under the conditions that the particle disappearance by the combustion near the nozzle outlet was not considered. In this case the raceway was not formed. This is because the forces acting among particles become too large to move freely in the actual blast furnace. In a usual small scale model, the air velocity at the nozzle outlet is relatively much higher than that corresponding to the particle diameter and the apparatus dimensions, since it seems to be easier to form a raceway in a usual small scale model. On the other hand the disappearance of coke particles by the combustion near the nozzle outlet plays an important role for the formation of a raceway in an actual blast furnace. Figures 3(a) , 3(b) and 3(c) show the calculated results of the flow fields and the void fraction iso-contour in an actual blast furnace. In these calculations we considered the particle disappearance by the combustion near the nozzle outlet, however we did not considered powder particles yielded by the combustion and the breakage of cokes, and the motion of softening melting zones. The nozzle direction which we used in this calculation was horizontal. Figures 3(a) , 3(b) and 3(c) show the instantaneous velocity vectors of coke particles and the air, and the instantaneous iso-contour of void fraction at 2 s after the initial state. As mentioned earlier, the particle removal speed is about 600 times of a real case. Then we consider approximately that the phenomena after 2 s in this simulation corresponds to real ones after about 20 min. Figures 3(a), 3(b) and 3(c) show that the raceway is clearly formed and particles circulate in and around it. However the patterns of the raceway and particle circulation are more complicated than those in the small scale model due to the large pressure acting on the raceway caused by the thick particle layer in the actual furnace. Figure 3(a) shows that there are two main regions in one of which the coke particles flow down toward the raceway and the another is the lower part of the furnace center in which the coke particles are almost quiescent. The air velocity vector diagram in Fig. 3(b) shows that a large part of the air flows to the furnace center, however some part of the flows rises along the furnace wall where the void fractions are large and then the ascending air current becomes complicated the air flow near the wall. The iso-contour of void Fig. 3(c) shows that the high bulk density region, where is the low void fraction, is formed in the quiescent region of coke particles. On the initial state of the calculation the local bulk density difference is small, however the packing process by the downward flow of the coke particles and the high speed air gradually forms such a high bulk density region.
In the following calculations we have considered powder particles yielded by for example the combustion and the breakage of cokes, and the softening melting zones. The nozzle direction which we used in these calculations was 7 degree downward. Figures 4(a) and 4(b) show the calculated results of the instantaneous location of coke particles for different nozzle directions in an actual blast furnace. In the figures we plotted all of coke particles existing in one computational cell depth. The comparison of the results in Figs. 4(a) and 4(b) show that the raceway for the 7 degree downward nozzle direction is larger and more circular than that for the horizontal nozzle direction. It would be caused by the effect of the stabilizing the air flow due to the slightly descending nozzle toward higher pressure region.
Figures 5(a), 5(b) and 5(c)
show the instantaneous locations of coke, powder particles and the instantaneous void fraction iso-contour considering both of coke and powder particles, and the softening melting zones at 9 s after the initial state. As mentioned earlier, the phenomena after 9 s in this calculation approximately corresponds to actual ones after about 90 min. Figure 5(a) clearly indicates the raceway. The location of powder particles in Fig. 5 (b) shows the powder particle flow pattern which circularly spreads and forms the circularly multi-layered powder particle clusters caused by the particle collisions and the breakage of clusters. Figure 5 (b) also shows that some of the powder particles distributed to the furnace lower core region in the initial state gradually flow upward and others are packed in the furnace lower core region by the coke and powder particles and the air flows. The void fraction iso-contour of coke and powder particles in Fig. 5(c) shows that the highly packed particle layers are formed in the lower core and in the lower wall regions under the tuyere due to these flows. The figure also shows the softening melting zones which move downward and disappear on the raceway. Fig. 6(a) in which powder particles and the softening melting zones have been considered and of which the nozzle direction was 7 degree downward and in Fig. 6(b) without considering them and for the horizontal nozzle direction shows that the air flow into the lower core region of the furnace in Fig. 6(a) is much smaller due to the highly packed powder and coke particles. These figures also shows that the higher air velocity region is formed in the layer between the softening melting zones and the highly packed furnace lower core region, and also shows that the unstable higher air velocity region is produced near the furnace wall and on the raceway by the existence and the disappearance of softening melting zones. It means that the powder particles and the softening melting zones would yield the unstable state in the furnace. ing zones to the furnace center direction in the 700 mm as shown in Fig 8. We reduced the size inclination of coke particles in the furnace center region where RϽ3 072 mm, that is, we gradually reduced the size distribution of coke particles in the region to become equal to that in the 3 072 mmϽRϽ3 842 mm shown in Table 2 by 10 000 calculation time steps. Figure 8 shows the calculated iso-contour of air velocity in the furnace. Figure 8(a) shows an usual air velocity distribution at Tϭ3.0 s before the size reduction of coke particles in the furnace center region. The comparison of air velocities at Tϭ3.0 s in Fig. 8(a) and Tϭ5.0 s after the size reduction of coke particles in Fig. 8(b) indicates that an unusual air flow pattern is formed in the region touched to the furnace wall at Tϭ5.0 s as shown in Fig. 8(b) . The air velocity in the region is very high. This air flow in the furnace wall region is dangerous since the air temperature at the high velocity is very high, and might damage the furnace wall. Figure 8(c) shows that the air flow at Tϭ6.0 s is back to the normal state, that is, the air velocity near the wall becomes low as shown in Fig. 8(c) . On the other hand the air flow at Tϭ7.5 s returns to the unusual flow pattern as shown in Fig. 8(d) . In this case the unusual high air velocity spreads to the wide area of the cylindrical part near the wall above the bosh. The calculated results indicate that unusual phenomena happen to periodically and increase gradually these amplitudes. It would be anticipated to finally break out a catastrophic phenomenon.
Conclusion
The following concluding remarks are obtained.
(1) The present calculated results indicate the raceway patterns, their fluctuations and their various periods in an actual blast furnace. The results also indicate the velocity distributions of coke, powder and gas, and packing ratio distributions of these particles. These dynamical characteristics fluctuate and are unstable.
(2) The highly packed coke and powder particle layers are formed in the lower core and in the lower wall regions under the tuyere due to the air and these particle flows.
(3) The high air velocity region is also formed in the layer between the softening melting zones and the highly packed furnace lower core region by the air and the particle flows, and the unstable higher air velocity region is produced near the furnace wall and on the raceway by the existence and the disappearance of softening melting zones. The coke and powder particles and the softening melting zones would yield the unstable state in the furnace.
(4) The powder particles circularly spread and form the circularly multi-layered powder particle clusters caused by the particle collisions and the breakage of clusters. Some of the powder particles flow upward and others are packed in the furnace lower core region by the particle and the air flows.
(5) The raceway for the 7 degree downward nozzle direction is larger and more circular than that for the horizontal nozzle direction. The effect of the stabilizing the air flow due to the slightly descending nozzle toward higher pressure region would produce these phenomena.
(6) The pressure at the nozzle outlet has several kinds of fluctuations in which periods are different. The pressure fluctuation indicates the unstably fluctuated flow, particularly the unstable raceway in the furnace. The calculated averaged value of the pressure at the nozzle outlet is in good agreement with the measured data.
(7) Our calculated results present an unusual phenomenon example in the blast furnace, which is the unusual high air velocity formed in the wide region touched to the furnace wall due to the effect of the softening melting zones and the size reduction of coke particles in the furnace cen- Eqs. (1A) and (2A) were time-advanced by the second order Runge-Kutta scheme and were numerically solved simultaneously with the Navier-Stokes equations. When the particle collision occurs, the particle velocity is changed instantaneously to the value calculated by the particle collision equations which are shown in Appendix 2.
In this simulation, we have found whether the collision between particles occurs or not using Direct Simulation of Monte-Carlo (DSMC) method. The collision probability CЈ ij between the ith and the jth sampling particles during Dt is defined as a volume that is equal to the product of the twoparticle collision area, the relative velocity between them and Dt. We have found the collision between the ith and the jth sampling particles by the modified Nanbu method, 23) which is expressed by the following equations. The mean free path between particles is 10 times larger than the particle displacement during Dt. The similar method can be applied to the collision between a particle and a wall. 21) When the collision occurs, only the velocity of the ith sampling particle, which is the reference particle, is changed to the velocity after the collision obtained by the collision equations. Then the velocity of the jth sampling particle, which collided with the ith sampling particle, is not changed. It is expected that many collisions among many particles conserve stochastically the particle momentum in the system. 21) The number of sampling particles in a computational cell, N 0 , should be a large number. In the present simulation, the averaged N 0 is about a hundred. The calculations of the collision equation, including the judgment of collisions, were performed in the relative coordinate system, which was a spherical coordinate with a reference particle at the origin.
Appendix 2
The collision equations for colliding particles, i and j, are Thus, the impact forces and the particle velocities after the collision are obtained using above equations. 
